Since launch in May 2002, Aqua MODIS has successfully operated for over 10 years, continuously collecting global datasets for scientific studies of key parameters of the earth's land, ocean, and atmospheric properties and their changes over time. The quality of these geophysical parameters relies on the input quality of sensor calibrated radiances. MODIS observations are made in 36 spectral bands with wavelengths ranging from visible (VIS) to long-wave infrared (LWIR). Its reflective solar bands (RSB) are calibrated using data collected from its on-board solar diffuser and regularly scheduled lunar views. The thermal emissive bands (TEB) are calibrated using an on-board blackbody (BB). The changes in the sensor's spectral and spatial characteristics are monitored by an on-board spectroradiometric calibration assembly (SRCA). This paper presents an overview of Aqua MODIS 10-year on-orbit operation and calibration activities, from launch to present, and summarizes its on-orbit radiometric, spectral, and spatial calibration and characterization performance. In addition, on-orbit changes in sensor characteristics and corrections applied to continuously maintain level 1B (L1B) data quality are discussed, as well as lessons learned that could benefit future calibration efforts.
INTRODUCTION
NASA's Earth Observing System (EOS) of satellites includes the Aqua spacecraft, which since its launch in May 2002 has been a key member of the A-Train group of Earth observation satellites. MODIS, one of the six Earth-observing instruments on Aqua, is a cross-track scanning radiometer with a two-sided paddle wheel scan mirror. It has a viewing swath of 2330 km (along-scan) by 10 km (along-track at nadir) and can completely image the Earth's surface in less than 2 days. Measurements are simultaneously recorded in 36 spectral bands; 20 Reflective Solar Bands (RSB) with wavelengths ranging from 0.41 to 2.2 μm and 16 Thermal Emissive Bands (TEB) covering wavelengths from 3.7 to 14.4 μm. The detectors are mounted on four focal plane assemblies (FPA) according to their wavelength range: visible (VIS), near infrared (NIR), short-and mid-infrared (SMIR), and long-wave infrared (LWIR). The VIS and NIR FPA are not temperature controlled, whereas the SMIR and LWIR FPA are nominally controlled at 83 K. Bands 1-2 collect data at a resolution of 250 m, bands 3-7 observe at 500 m resolution, while the remaining bands have 1 km resolution with 40, 20, and 10 detectors along-track per band, respectively. Generating look-up tables (LUTs) for sensor on-orbit calibration requires measurements from various on-board calibrators (OBCs), which include a solar diffuser (SD) and solar diffuser stability monitor (SDSM), a blackbody (BB), and a spectro-radiometric calibration assembly (SRCA) [1] , [2] .
Differences between Aqua MODIS and its predecessor, Terra MODIS, take the form of improvements obtained from lessons learned, including the removal of Photoconductive (PC) band optical leak (from Band 31 to other PC bands) and the reduction of out-of-band (OOB) responses in (SWIR) bands 5-7 and 26. Aqua MODIS also includes improvements in reducing scattering from the optics and reducing electronic cross-talk for bands on the SMIR FPA. Pre-launch issues are comprised of inoperable detectors on band 6 and band-to-band registration differences between temperature controlled and non-controlled FPA. The instrument continues to provide high quality data products to the science community for studies of the Earth's land, oceans, and atmosphere [3] , [4] . This paper presents a summary of the 10-year performance of the on-board calibrators of Aqua MODIS. It includes operational parameters and telemetry trending with information regarding detector noise characterization, the RSB and TEB radiometric performance, as well sensor spatial and spectral characteristics as measured by the SRCA. In addition to issues identified and changes made over the past 10 years, special attention is given to describing recent changes made in the upcoming version of the Aqua Level 1B processing (Collection 6).
ON-ORBIT OPERATION AND CALIBRATION
In spite of having greatly exceeded its prime design life of six years, Aqua MODIS instrument remains healthy and continues to operate well with no major concerns. The instrument operational configuration has been the same as that at launch. MODIS regularly operates the on-board calibrators in order to track the instrument performance and update the calibration tables as needed. As expected, these calibration activities operate on different schedules. Table I . lists the total number of calibration operations per year. The SD/SDSM calibrations consist of both open and screened measurements. The SD screen (SDS) is used when calibrating the ocean color bands (bands [8] [9] [10] [11] [12] [13] [14] [15] [16] ). Putting the screen in place reduces the intensity of incoming sunlight that otherwise saturates ocean color band detectors. Although a RSB SD calibration typically includes a pair of measurements, the open and screened operations are scheduled and run independently so each activity is counted separately. Initially the SD/SDSM was operated on a weekly basis with both open and screened configurations. In mid-July 2003, the frequency was reduced to bi-weekly and then reduced to triweekly beginning in early 2006. As of mid-2008, the screened operation continues to be tri-weekly while the open operation occurs every 6 weeks. The reduction in frequency was necessary to preserve the number of door movements. The vendor-projected design-lifetime number of movements was reached in July 2012. No changes in operation frequency are planned currently as further reduction in calibration frequency could have an impact on the science products, particularly those bands that rely on the screen-open measurements. The BB warm-up/cool-down operations and photovoltaic (PV) detector electronic calibration (Ecal) events occur on a quarterly basis. The SRCA operates in 3 modes, radiometric, spatial and spectral. The SRCA radiometric calibration is performed monthly, the spatial quarterly, and the spectral tri-annually. In 2005, SRCA internal lamp failures (2 of the 4 10-W lamps) led to review and modification of its on-orbit calibration activity, including reduced number of its operation frequencies. Near-monthly (8-9 per year) spacecraft roll maneuvers allow MODIS to view the moon through the space-view (SV) port. The maneuvers are scheduled such that the moon is viewed with a similar phase angle. In 2007, FOT waived one of the planned rolls due to operational concerns and a data loss occurred in another lunar calibration, reducing the total number of events that year to 6 [5] , [6] .
Operationally, all MODIS components and sub-systems continue to perform all designed functions. During nominal operation, the BB is controlled at a temperature of 285 K. As seen in Figure 1 , the temperature control has been excellent over the 10+ years of the mission, experiencing little or no long-term drift with less than 10 mK seasonal oscillations. The instrument temperature trend, seen in Figure 2 , is a measure of on-orbit changes in the instrument operational environment. It has been very stable, showing only approximately a 2 K increase over the lifetime and 1-2 K expected seasonal oscillations. The SD, in conjunction with the SDSM, calibrates the MODIS RSB. The SDSM measures the incoming direct sunlight and that reflected off the SD at nine representative wavelengths. Over the mission lifetime and specifically as the SD is exposed to sunlight, the reflectance properties of the SD have changed. Figure 5 illustrates the SD degradation over the mission lifetime which is seen to be most significant at shorter wavelengths. The degradation rate seems to be slowing, with detector 1 (412 nm) appearing to asymptotically approach a 20% degradation after recording a 10% degradation quickly within the first three years on-orbit.
The 490 detectors (RSB and TEB combined) have not changed significantly in behavior over the mission lifetime. Currently there are 7 noisy detectors with 3 of those identified as noisy at launch. In addition, there are 15 inoperable detectors. The majority of these are in band 6, which was also a known issue at launch. Where possible, band 7 observations have replaced those of band 6 for science products.
SENSOR CALIBRATION PERFORMANCE

RSB Performance
Aqua MODIS RSB calibration coefficients (m1) are inversely proportional to detector responses (gain). The long-term radiometric responses generated from on-board SD/SDSM calibrators are presented in Figures 6 and 7 for VIS and NIR bands, normalized to the first on-orbit measurement. Bands with shorter wavelengths have shown more gain change over time on the VIS FPA. Band-average responses do not include results from identified noisy or inoperable detectors. The recorded gain for some bands on the NIR FPA have increased, as opposed to the general decrease in gains (increase in m1 coefficients) seen on the VIS FPA.
Lunar observations are made through the SV port, which is at a different angle of incidence (AOI) from the SD. The overall response trend is found to be similar to that derived from the SD. MODIS RSB response versus scan angle (RVS) is monitored and delivered as time-dependent LUT using observations made at different scan angles. The observed response degradation over the decade of Aqua MODIS mission is up to 40% for Band 8, 20% for Band 9 and 15% for Band 3. The remaining RSB exhibit a change of less than 10% over the entire mission [7] .
TEB Performance
The MODIS instrument has 16 thermal emissive bands, covering wavelengths from 3.75 to 14.2 µm. The TEB are located on two cold focal plane assemblies (CFPA), which are controlled by a passive radiative cooler at a nominal temperature of 83 K. The TEB on-orbit calibration is performed using an on-board BB and observations through the SV port. The calibration is achieved for every MODIS scan by applying a calibration equation based on a quadratic algorithm that converts the digital response of the sensor into sensor at aperture radiance [3] .
The TEB performance is characterized using the reciprocal of the linear calibration term b 1 (also referred to as instrument gain). Figures 8 and 9 show the time series of response changes (normalized to the first point) for the MWIR PV bands (excluding Band 21) and the LWIR PV/PC bands. Over the last ten plus years, the gain for the MWIR bands has varied within ± 2 %. Among the LWIR PV bands, Band 29 has the largest change of approximately ±1 %, while bands 27, 28 and 30 show changes within ±0.8 %. For the LWIR PC bands, the response change can be broken into two segments: (1) from launch to 2006 and (2) from 2006 to current date. Trending the gain for LWIR bands show both a seasonal and orbital fluctuations. The fluctuations in gain are within ± 0.4 % for segment 1 and gradually increase in magnitude to about ± 2 % for segment 2. These changes are due to the slow decrease in the CFPA cooler margin [6] . i. ror side 1).
Spectral and Spatial Performance
The Aqua SRCA is used mainly to track on-orbit variations in MODIS sensor spectral and spatial characteristics. The SRCA internal calibration source includes four 10 W lamps, two 1 W lamps, and an IR source. Operating in its spectral mode, the SRCA measures the Relative Spectral Response (RSR) for RSB bands on the VIS and NIR FPAs and tracks on-orbit changes in their center wavelengths (CW) and bandwidths (BW). To date, the change in CW is less than 0.5 nm over the mission lifetime (Figure 10 ) and the BW change is less than 0.5 nm for most bands (Figure 11 ). In general, bands with very low signals often show relatively large variations in their spectral parameters. Bands with broader bandwidths, such as Bands 1 and 19 (50 nm BW), usually have relatively large shifts in their CW and BW. Overall, the spectral performance of the SRCA has been stable. The SRCA spatial mode monitors on-orbit changes of band-to-band registration (BBR) for both RSB and TEB. Measurements are made to characterize the BBR in both the along-track and along-scan directions. These results are referenced against pre-launch calibrations and normalized to Band 1. Figure 12 presents BBR mean and standard deviation of 10-year trending results in both along-scan and along-track directions. Differences between bands on the cold (SMIR and LWIR) and warm (VIS and NIR) FPAs were found to be marginally out of specification. On-orbit trending has shown little variability over the mission lifetime. Aqua MODIS has been, overall, a well behaved instrument. One of the primary concerns for continued successful operation and production of high quality science data is the cold FPA temperature control. Modified calibration algorithms are in place to compensate for the FPA temperature fluctuations. A minor concern is that the SD door mechanism has surpassed the projected lifetime number of movements although there have been no indications of door operation related anomalies. SD/SDSM activities are planned to continue at the current frequency. In the event of a door mechanism failure, a failsafe mechanism can be activated. This is not a desired operation as it will configure the SD door into the screened position permanently, allowing the SD calibrations to be performed.
As MODIS ages well past its prime design life of 6 years, the calibration becomes extremely important and increasingly challenging. The current production version of the Level-1B data is known as Collection 5 (C5) and was first implemented in 2005. The calibration methodology and algorithms employed in C5, while remaining effective for some bands, were not able to adequately capture the rapid change in performances for some short wavelength bands. Instrument performance artifacts became observable in certain science product datasets. The MODIS Characterization Support Team (MCST), working in collaboration with representatives from MODIS science disciplines, developed and delivered an updated and improved package of calibration LUTs for the production of Collection 6 (C6) Level-1B dataset [8] .
A number of methodology and algorithm improvements were implemented in C6. For the shorter wavelength RSB the scan angle dependence of the mirror reflectivity became increasingly difficult to characterize in recent years with the C5 approach. The major change for C6 is a revised methodology that linked the long-term trending of selected pseudoinvariant Earth targets to the performance trending of the on-board calibrator observations (Solar Diffuser and moon) which removed the long-term drift observed in the C5 dataset. For the TEB, a revised approach for derivation of the offset and nonlinear calibration coefficients improved retrievals for cold Earth view scenes. The uncertainties for both RSB and TEB were updated with time-dependent LUTs. It is expected that the calibration improvements implemented for C6 will help improve consistency and continuity of the science product data record as derived using the C6 Level-1B data.
SUMMARY
Since its launch aboard the Aqua spacecraft, the MODIS instrument has operated nominally. In this paper, the performance of Aqua MODIS radiometric calibration over its 10+ year mission has been summarized. By continuing to monitor on-orbit telemetry and results from multiple on-board calibrators, issues found throughout the mission lifetime have been identified and addressed. Applying the lessons learned from Terra MODIS has resulted in an improved performance for the calibration systems of Aqua MODIS. Several improvements to the Level-1B algorithm have been incorporated as a part of Collection 6. These efforts along with continuing inputs and consultation with representatives from various user groups have yielded a variety of quality data products for Aqua MODIS and valuable information to be used for the development of future space-based sensors.
